In well-aerated broth cultures, good growth of Renibacterium salmoninarum was obtained in a serum-free medium consisting of 1% peptone, 1% yeast extract, and 0.1% L-cysteine (PYC broth). In contrast, serum or charcoal is required for growth on agar medium. Charcoal treatment of broth media, either before bacterial inoculation or during growth, increased the growth ofR. salmoninarum, whereas the surfactants Tween 20 and Tween 80 inhibited growth. L-Cysteine was essential for optimal growth. Other organic sulfur compounds, such as D-cysteine, L-methionine, homocysteine, homocysteine thiolactone, and reduced glutathione, supported only lower levels of growth, while cystine and dithiothreitol did not allow growth.
Renibactenum salmoninarum, the etiological agent of a chronic disease of salmonid fish known as bacterial kidney disease (11) , grows very slowly and in culture has very fastidious nutrient requirements (6, 11) . When Fryer and Sanders (6) reviewed the literature, R. salmoninarum appeared to have an absolute requirement for serum and cysteine, components of the most frequently used medium, KDM-2 (Table 1) . However, charcoal could replace the serum component of the medium (1) , suggesting that it might be required as a detoxifying agent rather than directly as a nutrient. Evelyn and Prosperi-Porta (5) demonstrated that the growth of R. salmoninarum varied depending on the batch of peptone used in KDM-2 agar. These observations suggest that the bacterium may be less fastidious in its real nutrient requirements than previously thought. To reduce the cost and improve the procedures for growing large batches of bacteria for use as experimental vaccines, we have investigated the nutritional requirements of R. salmoninarum under various growth conditions.
MATERIALS AND METHODS
Bacterial cultures and measurements of growth. The cultures of R. salmoninarum used in this study were the type strain, ATCC 33209, and a recent isolate from diseased coho salmon (Oncorhynchus kisutch), strain JD24 (1) , that was kept lyophilized until use. An end-point dilution method was used to compare growth on different agar media (1) . Briefly, serial 10-fold dilutions of cultures in peptone-saline (0.85% NaCl with 0.1% [wt/vol] peptone) were prepared, and 25-,ul drops of each dilution were spotted onto duplicate plates of each medium. After 30 days of incubation at 15°C, the last dilution of the culture at which colonies were observed on spot plates was recorded as the end-point dilution.
Growth in liquid suspensions was measured as the optical density at 520 nm (OD520) of the cell suspension from broth or biphasic liquid growth experiments (1) by using either a Bausch & Lomb Spectronic 70 or a Philips PU8620 spectrophotometer. To avoid deviations from the Beer-Lambert law (7), samples were diluted to give OD readings of less than 0.3, and the dilution factor was used in calculating the reported OD. Growth measurements shown are the averages from three replicate samples.
Composition of media. KDM-C agar and basal KDM broth (Table 1 ) were prepared as previously described (1), with a pH of 6.8. Activated, untreated charcoal (C-5260; Sigma) was used in KDM-C agar. The requirement for L-cysteine was examined by varying the concentration added to KDM-C agar from 0.1% to 0.05, 0.02, 0.01, or 0% or by replacing it with D-cysteine or other sulfur-containing compounds at 6.3 mM. In other KDM-C agar formulations, untreated, activated charcoal was replaced with neutralized, activated charcoal (C-5385; Sigma); yeast extract was increased to 1.15%, and peptone was omitted; or KDM-C agar was supplemented with the organic buffer ACES (N-[2-acetamido]-2-aminoethanesulfonic acid) at 0.6%.
Legionella agar base, yeast extract, peptone, and soluble starch were Difco Laboratories (Detroit, Mich.) products obtained from BDH Chemicals, Toronto, Canada. Legionella agar was made by adding 0.1% L-cysteine-HCl and 0.025% Fe4(P207)3 (ferric PP1; Sigma) to legionella agar base.
The pH was adjusted to 6.8 with 1 N NaOH, and the medium was autoclaved. All other media tested had a final pH of 6.8.
Biphasic growth. For biphasic (agar-liquid) growth experiments (1), 50 ml of agar medium was slanted in a 16-oz (ca. 470-ml) Blake bottle. The media tested were KDM-C agar and KDM-C agar without 0.1% charcoal. The bacteria were suspended in peptone-saline to an initial OD520 of 0.033, and then a 5-ml inoculum was added to the surface of the agar. After incubation, the cell suspensions were well agitated and collected from the slants. The suspensions were diluted as required for reading, and the final OD520 readings were calculated.
Broth experiments. Broth media were tested in 250-ml Erlenmeyer flasks, each containing 100 ml of medium. Flasks were continuously shaken at 135 to 137 rpm at 15°C. The OD520 measurements were the averages of values obtained from three separate flasks. Basal KDM broth was prepared as described in Table 1 . When 0.1% (wt/vol) activated charcoal was required, it was added to the medium in a dialysis sac with a molecular weight cutoff of 6,000 to 8,000 (Spectrum Medical Industries). It was important to leave extra space in the dialysis sac to allow for expansion Table 1 ). The pH of all broth media was 6.8.
The ability of charcoal to modify YEC broth was examined by adding charcoal (0.1% [wt/vol]) to the medium in a dialysis sac as before and preincubating it at 15°C with shaking at 135 rpm for 5 days. The charcoal was then removed, leaving 90 ml of charcoal-modified broth. Growth in this medium was compared with that in flasks with 90 ml of medium and containing charcoal in a dialysis sac or with no charcoal. These control flasks were also shaken for 5 days before inoculation.
RESULTS AND DISCUSSION
Cysteine requirement. In KDM-C agar, the end-point dilution for R. salmoninarum ATCC 33209T was 10' for both 0.05 and 0.1% L-cysteine-HCl. This concentration range is similar to that found to be optimal by Ordal and Earp (9) for the original KDM agar. At 0.02 and 0.01% cysteine, the end-point dilutions were 10-' and 10-2, respectively. R. salmoninamm failed to grow in the absence of L-cysteine. In a second experiment, R salmoninarum ATCC 33209T was grown on KDM-C agar containing either 0.1% L-cysteine or 0.1% D-cysteine. The agar with L-cysteine gave an end-point dilution of 10-6, whereas the bacteria grew on media containing D-cysteine only to the 10-3 dilution. Thus, the cysteine requirement appears to be stereospecific. Other compounds that supported growth at reduced levels were L-methionine, homocysteine, homocysteine thiolactone, and reduced glutathione ( Table 2 ). The bacteria were unable to grow when cysteine was replaced with cystine or dithiothreitol (Cleland's reagent).
When L-cysteine-HCl was used, the pH of the KDM-C agar was adjusted from approximately 4.5 to 6.8 with NaOH, a step not required with the other sulfur-containing compounds. The added sodium ions did not appear to affect the result, as growth end points were not altered when 0.5% (wt/vol) NaCl was added with the other compounds tested ( Table 2 ). The addition of 0.5% NaCl to KDM-C medium that had already been pH adjusted with NaOH did not produce any extra stimulation of growth (data not shown). Only bacteria growing with methionine showed increased growth in the presence of added NaCl (Table 2) .
Passaging strain ATCC 33209 three times on media containing methionine or glutathione did not appear to cause the bacterium to adapt to these components, as the growth rate did not improve with passage to a rate equivalent to that seen on the L-cysteine-containing medium (data not shown). R. salmoninarum has been isolated directly from fish with bacterial kidney disease by using charcoal agar in which the L-cysteine was replaced with methionine (data not shown), but the bacteria grew more slowly than on the L-cysteinecontaining medium. On media containing methionine, the bacterial colonies were faintly yellow-green. In contrast, on the other media colonies were typically creamy white. Contrary to what has been previously suggested (6, 11 ), these results demonstrate that the R. salmoninarum bacterium does not have an absolute cysteine requirement. Other sulfur-containing amino acids will grow the bacterium, albeit not as efficiently. The inability of the bacterium to grow when dithiothreitol replaced L-cysteine (Table 2) suggested that cysteine was acting not solely as a reducing agent in growth media, but rather as a necessary amino acid.
Charcoal requirement. The growth end-point dilutions of R. salmoninarum ATCC 33209T and JD24 were not altered when a neutralized form of activated charcoal replaced untreated, activated charcoal at the same concentration ( Table 3 ). The addition of the organic buffer ACES to KDM-C agar similarly had no effect. We also tested legionella agar, which resembles KDM-C agar in that it contains charcoal and added L-cysteine-HCI. Legionella agar, yeast extract medium (1.15% yeast extract, 0.1% L-cysteine, 0.1% charcoal, 1.5% agar), and yeast extract medium plus ACES buffer all gave growth end-point dilu- (Fig. 1) , it took 2 weeks for growth of either strain to reach an OD reading of 0.4, and the maximum growth after 28 days was an OD of 1.2 (data not shown). The better growth of shaken cultures probably reflects the aerobic nature of R. salmoninarum (6) . Charcoal could be put into broth to promote growth, but it was necessary to contain it in a dialysis sac so that growth could be measured by light-scattering techniques. Although effective, this approach was found to be cumbersome. Unless enough space was provided in the dialysis sacs for expansion, they would sometimes rupture during autoclaving or break while the flasks were being shaken. A second serious technical problem was encountered with both basal KDM broth and basal KDM broth with charcoal in a dialysis sac. Whenever there was a long lag period for growth (a week or more), the media would become cloudy, but with a sheen unusual for bacterial growth. Under phase microscopy, there were few bacteria but numerous cystine crystals, some several micrometers in diameter. Whenever this occurred, it was impossible to measure growth with a spectrophotometer.
Because of these problems, other broth formulations were examined for their ability to replace basal KDM broth. Broth consisting of 1% yeast extract and 0.1% L-cysteine (YEC broth) but no peptone supported a growth rate comparable to that observed in the basal KDM broth (Fig. 1) but gave a higher final absorbance reading. As an added advantage, cystine crystals never formed in this broth. This was important when dilute inocula or older cultures of poor viability were used as inocula. The addition of charcoal in a dialysis sac to the YEC broth gave shorter doubling times (Fig. 2) , as had been seen previously with the basal KDM broth plus charcoal. As an inhibitory compound from the broth that was present before bacterial inoculation, then the effect might also be produced by treating the medium with charcoal before inoculation. Broth pretreated with charcoal (charcoal-modified broth) supported growth of R. salmoninarum JD24 better than the broth without the charcoal (Fig. 2) . It allowed doubling times similar to those seen in broth that had charcoal present during the growth of the bacterium, suggesting that charcoal would not be needed in a defined medium if the inhibitory substance was not present. Previous studies (1) showed that on agar media R. salmoninarum would not grow unless a detoxifying agent such as starch, serum, or activated charcoal was present in the medium. This study demonstrated that neither charcoal nor serum was required in broth or biphasic media. This suggests that the toxic factors have a greater effect on a bacterial colony growing on agar, where diffusion is reduced, than in a liquid medium. Agar that was purified (Difco) failed to yield better growth than the common commercial variety of bacteriological agar (data not shown), suggesting that the toxicity does not reside in the agar fraction of the medium. Recently, Evelyn and Prosperi-Porta (5) showed that the peptone fraction in KDM-2 agar could inhibit growth of R. salmoninarum, depending on which batch of peptone was used for the preparation of KDM-2 agar. However, the yeast extract-L-cysteine broth also contains a toxic component (Fig. 2) , since pretreatment of this broth with charcoal reduced the lag period of growth.
The addition of 1% peptone to YEC broth base gave higher final absorbance values, while increasing the yeast extract concentration to 2% decreased growth (Fig. 3A) . The addition of 6.3 mM L-methionine had no effect on growth (Fig. 3B) . These high ODs obtained in 1% peptone-1% yeast extract-0.1% L-cysteine broth (PYC broth) (Fig. 3A) were encouraging and suggest that successful and economical growth ofR. salmoninarum in fermenters may be possible for vaccine production. Furthermore, in this medium the L-Cysteine did not oxidize and come out of solution, a phenomenon that was commonly seen with basal KDM broth. Since R salmoninarum grew in 1% yeast extract plus 0.1% L-cysteine, a medium that grows Legionella pneumophila, a defined medium that is based on the components in yeast extract (10) that successfully grows Legionella cells was tried. On three separate occasions, however, R. salmoninarum failed to grow in this liquid medium (data not shown).
Bacterial aggregation. The hydrophobic surface of Renibacterium cells (2, 3) results in autoaggregation of the cells, which could be microscopically observed late in the exponential phase of growth. As this has presented problems in fermenter culture, especially in the presence of serum (8) , disperse the bacteria and/or allow for better growth. However, growth decreased in the presence of these detergents. The effect was most pronounced with Tween 20, which gave only 5% of the growth in the yeast extract broth without the detergent (Fig. 3B) . This suggests that certain fatty acids may be responsible for inhibiting the growth of R. salmoninarum in broth and agar.
For scaled-up growth, required for vaccine antigen production, a serum-containing medium like KDM-2 would be expensive and inconvenient, while charcoal in broth has to be contained in dialysis bags, which are liable to rupture. McCarthy et al. (8) reported that 0.15% starch could replace calf serum in a KDM-2 broth used in fermenter culture of R. salmoninarum, while Weins and Kaattari (12) have used basal KDM broth alone for growing R. salmoninarum for antigen studies. For growing large batches of R. salmoninarum in our laboratory, we have first grown the bacteria biphasically on KDM-C agar and used the resulting growth as an inoculum for PYC broth. This method works well both in shaken flasks and in small fermenters.
